Abstract -Most modern wind turbines employ a doubly-fed induction generator (DFIG) system due to its many advantages, such as variable speed operation, relatively high efficiency, and small converter size. The DFIG system uses a wound rotor induction machine so that the magnetizing current of the generator can be fed from both the stator and the rotor. We propose a protection algorithm for a DFIG based on a d-q equivalent circuit in the time domain. In the DFIG, the voltages and currents of the rotor side and the stator side are available. The proposed algorithm estimates the instantaneous induced voltages of magnetizing inductance using those voltages and currents from both the stator and the rotor sides. If the difference between the two estimated induced voltages exceeds the threshold, the proposed algorithm detects an internal fault. The performance of the proposed algorithm is verified under various operating and fault conditions using a PSCAD/EMTDC simulator.
Introduction
Among the choices in renewable energy, wind energy has been playing an increasingly important role because the cost of electricity from wind power is decreasing, and is nearly the same as that of gasoline [1] . In recent years, wind turbine technology has reached a very reliable and sophisticated level. The growing worldwide market will lead to further improvements, such as larger wind turbines and new system applications (e.g., offshore wind farms) [2] .
Wind power using a doubly-fed induction generator (DFIG) is becoming prevalent because of reliability and economic efficiency [3] . The DFIG uses a wound rotor induction machine so that the magnetizing current of the generator can be fed from the rotor as well as the stator. The stator of a DFIG is connected to the grid directly whilst the rotor is connected to the grid through back-toback converters [4] , [5] . The construction of a DFIG system is complicated, because output power is controlled by the rotor currents from the converter. However, the converter deals with relatively small power, approximately 10-25 % of nominal turbine power, so that the size of the converter can be minimized. Thus, the DFIG is a cost-efficient solution for variable speed wind generation.
As the capacity and penetration of wind power increases, a reliable wind turbine protection scheme becomes very important. In particular, for machines which use a converter like a DFIG system, special attention should be paid to a turn-to-turn fault. This is because stator insulation is easy to expose increased thermal and electrical stresses resulting from high switching voltages and high-order harmonics of the converter. When a fault occurs in the windings of a generator, the high current in the short circuit may cause a subsequent fault in normal windings. Thus, the windings might be burned due to the increased high thermal stress [6] , [7] . In addition, for a single phase fault in the windings, the unbalanced currents and voltages negatively influence the grid. Therefore, a protection scheme for a DFIG should detect the fault as quickly as possible.
Currently, a current differential relay is used as the main protection for generator windings. The relay detects a phase-to-ground fault and a line-to-line fault successfully because the differential current becomes very large. The relay, however, maloperates for a turn-to-turn fault because the magnitude of the differential current is minimal [8] , [9] .
Research on various monitoring techniques has been reported using different machine variables for the turn-toturn faults of an induction machine. However, these monitoring methods are not protection techniques but online detection techniques of incipient faults to avoid unexpected failure of the machine [10] . This paper proposes a protection algorithm for a DFIG based on a d-q equivalent circuit in the time domain. In the case of a DFIG, the voltages and currents of the rotor side as well as the voltages and currents of the stator side are available. The proposed algorithm estimates the two instantaneous (i.e., converted into the stationary reference frame) induced voltages of magnetizing inductance using the voltages and currents of the rotor and stator side. The two induced voltages are nearly the same for the steady state and the transient state (such as wind speed variation). However, they differ in the case of internal fault. If the difference between the two estimated induced voltages exceeds a threshold, the proposed algorithm detects the fault as an internal fault. The performance of the proposed algorithm is verified under various operating and fault conditions using a PSCAD/EMTDC simulator. Fig. 1 represents the structure of a DFIG system. The model of a DFIG system consists of blade model, generator model, converter model, controllers, and grid. The wind speed is modeled as constant, and we do not include a shaft model, pitch angle control and converter protection system. We will discuss the modeling of the machine and the converter and control system in detail. 
Modeling of the DFIG System

Machine Modeling
The three-phase modeling of the wound rotor induction generator is as follows. The voltage and linkage flux equations of the stator and the rotor sides of a DFIG are defined by
where V abcs and V abcr represent the voltage matrices (3ⅹ1); I abcs and I abcr represent the current matrices (3ⅹ1); Λ abcs and Λ abcr represent the linkage flux matrices (3ⅹ1); L s and L r represent the inductance matrices (3ⅹ3); and L sr represents the mutual inductance matrix (3ⅹ3). The subscripts s and r represent stator and the rotor, respectively [11] - [13] .
To transform the three-phase variables defined in (1)-(4) to the d-q-n axis, we multiply the variables by the transform matrix T(θ). T(θ) can be divided into the transform matrix of the rotor frame R(θ) and the transform matrix of the stationary reference frame T(0) as follows: 
where ω is the rotating speed of d-q-n axis. In the stationary reference frame ω=0, and in the synchronously rotating reference frame ω=ω e .
To realize the d-q equivalent circuit of a DFIG transformed to the stationary reference frame, both the rotor side variables and stator side variables are transformed to the stationary reference frame. The transformed stator voltage can be obtained by multiplying T(0) by (1), and the transformed stator linkage flux can be obtained from the product of T(0) and (3). This yields: 
Using these voltage and linkage flux equations transformed to the stationary reference frame, the d-q equivalent circuit of a DFIG transformed to the stationary reference frame can be realized as shown in Fig. 2 , where r s and r r represent the winding resistance of the stator and the rotor, respectively. L ls and L lr represent the leakage inductance of the stator and the rotor, respectively, and ω r represents the angular velocity of the rotor.
Converter Modeling
The converters linked to the rotor side of a DFIG are divided to a machine side converter and a grid side converter. The two converters are separated through a DC link capacitor. stationary reference frame follows [5] , [14] .
The converters control active and reactive power using the d-axis current and q-axis current, and also the voltage of the DC link capacitor can be controlled by the grid side converter.
The machine side converter should calculate the θ e , because it has to control the current transformed to the stationary reference frame. The θ e can be calculated using the rotor and stator flux. θ e is defined as Inserting (8) and (18) 
The voltage control of a DC link capacitor can be performed using both the input active power control and the output active power control of the capacitor. The state equations of a grid side converter transformed to the stationary reference frame are defined by In (23), the q-axis current is proportional to the active power of the grid side, because the q-axis voltage is constant. Therefore, we can control the DC link voltage through the control of the q-axis current.
D-q Equivalent Circuits based Protection Algorithm for a DFIG in the Time Domain
This paper proposes a protection algorithm which can detect the internal fault of a DFIG. The algorithm can detect internal faults, including the turn-to-turn fault, which cannot be detected successfully using the current differential relay. Therefore, the proposed algorithm can realize more reliable protection system of a DFIG.
The proposed algorithm estimates the two induced voltages of L m from the stator side and the rotor side in the time domain, and detects the internal faults by comparing these two induced voltages. The d-q transformation to the stationary reference frame is used to obtain the induced voltages of L m in this paper. , respectively. However, they become different in the case of internal faults. This is because the parameters of the windings are changed when an internal fault occurs. Therefore, the proposed algorithm compares these two induced voltages at any instant to detect the internal fault. The detectors of the d-axis and the qaxis for fault detection are defined by The proposed algorithm detects the internal faults if either |D detector| or |Q detector| exceeds the threshold. In this paper, we set the threshold as 5% to prevent a malfunction because of a disturbance in the transient state. However, for the real-time realization of the proposed algorithm, the threshold value may become different depending on the measurement errors and noise. If the value of |D detector| or |Q detector| exceeds 5%, the counter is increased by 1; otherwise, the counter is decreased by 1. The counter is used to prevent maloperation due to the noise in the transient state during the fault conditions. The trip signal is activated when the value of the counter becomes 16.
Case Studies
To verify the performance of the algorithm, a 3 kW DFIG-type wind power generation system was modeled by PSCAD/EMTDC as shown in Fig. 3 . The voltages and the currents were measured at the terminal of the stator windings and the input-output port of the machine-side converter, respectively. The performance of the proposed algorithm was investigated for the cases of wind speed variation, internal faults, and external faults. To simulate a turn-to-turn fault of the winding, we modeled a portion of the internal impedance of the winding as the impedance of the external terminal windings, and then shorted the divided external impedance at the instant of the fault [15] . In this simulation, the sampling rate was 64samples/cycle and an anti-aliasing lowpass RC filter with a stop-band cutoff frequency of 1920 Hz was used.
Transient State
Case 1: wind speed variation Fig. 4 shows the results for case 1, where the wind speed changes from 10 m/s to 15 m/s at 50 ms. This case simulates the time scale for a long-term comparison with other cases, because the transient of wind speed changes takes the 300 ms. Figs. 4(a)-(d) show the three-phase currents and voltages of the stator and the rotor. The solid, dotted, and dashed lines represent the A-phase, B-phase, and C-phase, respectively. The stator voltages were not changed because the stator was connected to the grid as shown in Fig. 4(a) . On the other hand, the stator currents increased at 50 ms because of the increased wind speed, as shown in Fig. 4(b) . . As expected, the induced voltages were nearly the same in the case of wind speed variation, because the parameters of a DFIG did not change. In Figs. 4(g) and 4(h), the errors from the D detector and the Q detector are smaller than 0.1 % before and after the wind speed variation. Therefore, the trip signal was not activated, as shown in Fig. 4(i) . 
Internal Faults
Case 2: 40 % turn-to-turn fault Fig. 5 shows the results for case 2, where an A-phase stator winding fault occurs at 50 ms. The stator voltages did not change because the stator is connected to the grid, as shown in Fig. 5(a) . On the other hand, the stator current of were nearly the same prior to the fault. However, after the fault, they become different due to the change of parameters in a DFIG. As shown in Figs. 5(g) and 5(h), the calculated errors from the D detector and Q detector were smaller than 0.1% before the fault, and becomes large (-408% and -267%) after the fault. Therefore, the trip signal was activated at 4.16 ms after the turn-to-turn fault, as shown in Fig. 5 (i). were nearly same in the steady state. However, they become significantly different after the fault, due to the change of parameters in a DFIG. In Figs. 6(g) and 6(h), the calculated errors from the D detector and the Q detector have large values (40,830% and 17,550%, respectively) after the fault. Therefore, the trip signal was activated at 4.16 ms after the fault, as shown in Fig. 6(i) . errors from the D detector and the Q detector had small values (0.5% and -0.54%) after the fault. Therefore, the trip signal was not activated, as shown in Fig. 7(i) , because the errors were smaller than the threshold 5%.
Conclusion
We proposed a protection algorithm for a DFIG based on a d-q equivalent circuit in the time domain. The proposed algorithm estimates the two instantaneous induced voltages of the magnetizing inductance from the stator side and the rotor side in the d-q equivalent circuit. If the difference between the two estimated induced voltages exceeds a threshold, the algorithm detects the internal fault.
Using a PSCAD/EMTDC simulator, we verified the performance of proposed algorithm by simulating cases for the transient state, internal faults, and an external fault. The results show that the proposed algorithm activates the trip signal within 1/4 cycle after the internal faults, and does not activate for the transient state (such as wind variation) and an external fault.
The proposed algorithm can discriminate correctly the internal faults from the external faults or transient states, and can also detect the turn-to-turn faults, which cannot be detected by the conventional current differential protection system of DFIG.
